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(57) Abstract 

Apparatus for iterative decoding of a sequence of signal packets coded in accordance with a multi-component coding scheme. The 
apparatus includes a plurality of decoders (68, 70), each of which performs a respective different decoding method on one of the signal 
packets, such that the plurality of decoders operate substantially concurrently. Iterative decoding may be stopped if a predetermined threshold 
maximum number of iterations is reached, or if the previous two decoder iterations have satisfactory cyclic redundancy checks (CRC), or 
if the input frame buffer to the decoder is filled to within a predefined percentage of its storage capacity. 
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EFFICIENT ITERATIVE DECODING 



FIELD OF THE INVENTION 



The present invention relates generally to iterative decoding, and 
specifically to fast iterative decoding of multiple-component codes. 



BACKGROUND OF THE INVENTION 



10 



15 



20 



25 



Transmission of digital data is inherently prone to interference which 
may introduce errors into the transmitted data. Error detection schemes 
have been suggested to determine as reliably as possible whether errors have 
been introduced into the transmitted data: For example, it is common to 
transmit the data in packets, and add to each packet a CRC (cyclic redundancy 
check) field, for example of a length of 16 bits, which carries a checksum of 
the data of the packet. When a receiver receives the data, it calculates the 
same checksum on the received data and verifies whether the result of its 
calculation is identical to the checksum in the CRC field. 

When the transmitted data is not used on-line, it is possible to request 
re-transmission of erroneous data when errors are detected. However, 
when the transmission is performed on-line such as in telephone lines, 
cellular phones, remote video systems, etc., it is not possible to request re- 
transmission. 

Convolution codes have been introduced to allow receivers of digital 
data to correctly determine the transmitted data even when errors may have 
occurred during transmission. The convolution codes introduce 
redundancy into the transmitted data and pack the transmitted data into 
packets in which the value of each bit is dependent on earlier bits in the 
sequence. Thus, when a few errors occur, the receiver can still deduce the 
original data by tracing back possible sequences in the received data. 
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_ . To further improve the performance _o.f a .transmission channel, some 

coding schemes include interleaves, which mix up the order of the bits in 
the packet during coding. Thus, when interference destroys a few adjacent 
bits during transmission, the effect of the interference is spread out over the 

5 entire original packet and can more readily be overcome by the decoding 
process. Other improvements may include multiple-component codes 
which include coding the packet more than once in parallel or in series. For 
example, U.S. patent 5,446,747, which is incorporated herein by reference, 
describes an error correction method using at least two convolutional 
10 codings in parallel. Such parallel encoding is known in the art as "Turbo 
coding/' 

For multiple component codes, optimal decoding is often a very 
complex task, and may require large periods of time, not usually available 
for on-line decoding. In order to overcome this problem, iterative decoding 

15 techniques have been developed. Rather than determining immediately 
whether received bits are zero or one, the receiver assigns each bit a value 
on a multi-level scale representative of the probability that the bit is one. A 
common scale, referred to as LLR probabilities, represents each bit by an 
integer in the range {-32,31}. The value of 31 signifies that the transmitted 

20 bit was a zero with very high probability, and the value of -32 signifies that 
the transmitted bit was a one, with very high probability. A value of zero 
indicates that the value is indeterminate. 

Data represented on the multi-level scale is referred to as "soft data," 
and iterative decoding is usually soft- in /soft-out, i.e., the decoding process 

25 receives a sequence of inputs corresponding to probabilities for the bit values 
and provides as output corrected probabilities taking into account 
constraints of the code. Generally, a decoder which performs iterative 
decoding, uses soft data from former iterations to decode the soft data read by 
the receiver. A method of iterative decoding is described, for example, in 

30 U.S. patent 5,563,897, which is incorporated herein by reference. 

During iterative decoding of multiple-component codes, the decoder 
uses results from decoding of one code to improve the decoding of the 
second code. When parallel encoders are used, as in Turbo coding, two 
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corresponding decoders may conveniently be used in parallel for this 
purpose. 

The iterative decoding is carried out tor a plurality of iterations until 
it is believed that the soft data closely represents the transmitted data. Those 
5 bits which have a probability indicating that they are closer to one (for 
example, between 0 and 31 on the scale described above) are assigned binary 
zero, and the rest of the bits are assigned binary one. 

Generally, the iterative process is repeated a predetermined number 
of times. According to "An Introduction to Turbo Codes/' by Matthew C. 

10 Valenti, which can be found at 

http: / /lamarr.mprg.ee.vt.edu/documents/turbo.pdf and is incorporated 
herein bv reference, the predetermined number of iterations is about 18. 
However, this article further states that in many cases as few as 6 iterations 
can provide satisfactory performance. "Iterative Decoding of Binary Block 

15 Codes," by Joachim Hagenauer, Elke Offer and Lutz Papke, IEEE Trans, of 
Information Theory, Vol. 42, No. 2, pp. 429-445 (March 1996), which is 
incorporated herein by reference, suggests using a cross entropy criteria to 
determine when to stop the iterative decoding process individually for each 
packet. Thus, the calculation power of a decoder may be used more 

20 efficiently than when all packets are decoded using the same number of 
iterations. However, the cross entropy criterion is in itself very complex, 
reducing substantially the gain in efficiency in applying variable numbers of 
iterations. 

In one commonly-used multiple-component coding scheme, the 
25 packet is first encoded by a first "outer" coding scheme. Thereafter, it is 
interleaved and is then encoded by a second "inner" coding scheme. During 
decoding, the inner code is first decoded, the result is de-interleaved, and 
then the outer code is decoded. The results of decoding the outer code are 
thereafter used in a second iteration of decoding the inner code to improve 
30 its results. This process is continued iteratively until the coded packet is 
satisfactorily decoded. 

The above-described decoding scheme is typically implemented by a 
single hardware decoder, which alternately decodes the inner and outer 
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codes. However, when very fast decoding is needed", -and the inner -and - 
outer codes are substantially different, the computational load is generally 
beyond the capability of a single decoder of conventional design. Therefore, 
it has been suggested to use a decoder including two processors, one for the 
5 inner code and one for the outer code. However, this results in having each 
of the processors idle half of the time, while it waits for results from the 
other processor. 

SUMMARY OF THE INVENTION 

10 It is an object of some aspects of the present invention to provide 

methods and apparatus for fast iterative decoding of codes based on two or 

more different convolutional encoding schemes. 

It is another object of some aspects of the present invention to 

provide apparatus for efficient iterative decoding of convolution codes. 
15 It is a further object of some aspects of the present invention to 

provide an efficient method for determining how many iterations are 

needed for reliable decoding of a packet. 

In exemplary embodiments of the present invention, the decoding 

time allotted for decoding each code in a multi-code series or parallel coding 
20 scheme is made substantially equal. A decoder including two processors 

receives two packets of data in sequence and decodes them simultaneously. 

While one packet is being decoded in a first processor, the second processor 

decodes the second packet. When both processors finish a single iteration, 

the packets are switched between the processors, and another iteration is 
25 performed. Thus, both processors are substantially constantly in use, and 

codes may be decoded twice as fast as in prior art schemes of comparable 

hardware complexity. Preferably, both processors operate concurrently at 

least 50% of their operation time on any input packet. 

In some embodiments of the present invention, the two packets are 
30 decoded independently of each other, so that termination of decoding of the 

packets is independent. When a first packet is finished being decoded, a new 
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• packet may enter one of the decoders, regardless of whether the second 
packet has finished being decoded. 

In some embodiments of the present invention, the multi-code 
scheme includes an inner coding scheme and an outer coding scheme. 
5 Preferably, the inner and outer coding schemes are chosen such that the 
decoding time of a single iteration of both of them is approximately the 
same. Alternatively or additionally, the processor that finishes an iteration 
first waits for the second processor to finish processing, and then the packets 
are switched between the decoders. Preferably, the inner and outer coding 
10 schemes are different and cannot easily be decoded by the same processor. 

In another aspect of the present invention, during decoding of each 
packet, a simple method is used for determining when to stop the iterative 
process. A termination checking procedure is preferably performed after 
substantially each iteration, and includes determining a minimal absolute 
15 probability value associated with any of the bits in the packet. When the 
minimal absolute probability value is above a predetermined threshold, 
indicating that all of the bits have been assigned either the value "1" or "0" 
with relatively high probability, the iterative process is terminated. 

Alternatively or additionally, each packet is transmitted with a CRC 
20 field. After each decoding iteration, the termination checking procedure 
checks whether the CRC value computed from the data to be output from 
that iteration is compatible with the CRC field. Preferably, the checking 
procedure checks the CRC field only when the minimal probability value is 
above the threshold. If the CRC field is compatible with the extracted data 
25 the iteration procedure is terminated. 

In some embodiments of the present invention, the checking 
procedure is begun only after a minimal initial number of iterations, in 
order to reduce the probability of the CRC check returning an apparently 
"correct" result although the decoded data is incorrect. Preferably, the 
30 minimal number of iterations is between four and eight. The number of 
iterations is preferably chosen to be a number of iterations which for most 
packets does not bring the minimal probability value above the threshold. 
Further preferably, the .terative process is terminated after a maximal 
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number of iterations "regardless -of any- other conditions.. . Preferably., J he . 
maximal number of iterations is between 20 and 30. 

In other embodiments of the present invention, the minimal 
absolute probability value may be replaced by an average probability value, 
5 by a median probability value, or by any other value indicative of the 
progress of the iterative decoding process. For example, when it is desired to 
minimize a bit error (BER) criterion rather than a packet error rate, the 
minimal absolute value is preferably replaced by a next-to-minimum value, 
i.e., the lowest value after ignoring one or two exceptions. 
10 There is therefore provided in accordance with one embodiment of 

the present invention, apparatus for iterative decoding of a sequence of 
signal packets coded in accordance with a multi-component coding scheme, 
including a plurality of decoders, each of which performs a respective 
different decoding method on one of the signal packets, such that the 
15 plurality of decoders operate substantially concurrently. 

Preferably, the plurality of decoders operate concurrently on different, 

respective packets. 

Preferably, the plurality of decoders operate concurrently during at 
least 50% of the operation time during which the apparatus decodes the 
20 sequence. 

Further preferably, the plurality of decoders operate concurrently 
during substantially the entire operation time of the apparatus. 

Preferably, each of the plurality of decoders receives as its input a 
packet processed by another one of the plurality of decoders in most of the 

25 iterations. 

Preferably, the plurality of decoders includes two decoders. 
Preferably, the apparatus further includes a plurality of memory units 
to which the decoders output the packets after decoding. 

Preferably, the packets are interleaved or de-interleaved after 

30 decoding. 

Preferably, each of the plurality of decoders requires a generally equal 
decoding time to that of the other decoders. 
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Preferably, the multi-component coding scheme includes a parallel 
coding scheme. 

Alternatively, the multi-component coding scheme includes a serial 
coding scheme. 

5 Preferably, the plurality of decoders include APP decoders. 

There is further provided in accordance with another embodiment of 
the present invention, a method of decoding a sequence of packets of data, 
coded in accordance with a multi-component coding scheme including 
inner and outer codes, including decoding a first packet in a first decoder, 

10 which decodes the inner code to generate a first decoded output packet, and 
decoding the first decoded output packet in a second decoder, which decodes 
the outer code, while substantially concurrently decoding a second packet in 
the first decoder. 

Preferably, the method includes outputting the first packet from the 
15 second decoder to the first decoder, so as to repeat decoding the inner code. 

Preferably, the method includes repeatedly decoding the first and 
second packets in the first and second decoders in alternation. 

Preferably, the method includes de-interleaving the first output 
packet before decoding it in the second decoder. 
20 Preferably, the multi-component coding scheme includes a serial 

coding scheme. 

There is further provided in accordance with another embodiment of 
the present invention, in a system for iterative decoding of a packet of soft 
data in which each bit is represented by a probability value, a method for 
25 determining after which of a plurality of iterations to terminate the 
decoding, including determining a probability value of the bits in the packet, 
and deciding to terminate the decoding only if the probability value is above 

a predetermined value. 

Preferably, determining the probability value includes determining a 
30 minimal probability of the hard data values of the bits in the packet. 

Preferably, determining the minimal probability value includes 
determining a minimal absolute log probability value. 
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" Preferably, "the method includes verifying that an error -detection- field- 
in the packet is correct, and deciding to terminate includes deciding to 
terminate only if the error detection field is correct. 

Preferably, verifying that the error detection field is correct is 
performed when the probability value is above the predetermined value. 

Preferably, determining the probability value is performed only after a 
predetermined number of decoding iterations performed on the packet. 

Preferably, determining the probability value includes determining 
the probability value on a decoded copy of the bits in the packet. 

Alternatively or additionally, determining the probability value 
includes determining the probability value on a coded copy of the bits in the 
packet. 

There is further provided in accordance with another embodiment of 
the present invention, apparatus for iterative decoding of coded packets 
15 including for each bit a probability value, including a decoder which 
performs iterations of decoding the packet, and a control unit which 
determines whether an additional iteration is to be performed by the 
decoder responsive to the probability values of the bits in the packet. 

Preferably, the control unit causes the decoder to perform a 
20 predetermined number of iterations without checking the packet. 

Preferably, the control unit determines whether an additional 
iteration is to be performed by the decoder responsive to an error detection 
field in the packet if the probability values fulfill a predetermined condition. 
Preferably, the control unit does not initiate an additional iteration by 
25 the decoder if the error detection field is correct. 

Preferably, the decoder includes an APP decoder. 

Preferably, the control unit calculates a minimal probability of the 
hard data values of the bits in the packet and determines whether an 
additional iteration is to be performed responsive to the minimal 
30 probability. 

Further preferably, the control unit calculates a minimal absolute log 
probability value. 
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Preferably, the control unit calculates the minimal probability based 
on a probability value of either a decoded or coded copy of the packet. 

In accordance with one aspect of the present invention, there is 
advantageously further provided a method of terminating an iterative 
5 decoding process being performed on a packet in an iterative decoder, 
comprising the steps of determining whether a number of decoding 
iterations equals a predefined maximum number of iterations; determining 
whether a packet storage element coupled to an input of the iterative 
decoder is filled to within a predefined percentage of the storage capacity of 
10 the packet storage element; determining whether the number of decoding 
iterations equals a predefined minimum number of iterations; determining 
whether an error-detection measure has been satisfied for at least one 
previous packet; and terminating the iterative decoding process for the 
packet if (1) the number of decoding iterations equals the predefined 
15 maximum number of iterations, or if (2) the packet storage element is filled 
to within the predefined percentage of the storage capacity of the packet 
storage element, or if (3) the number of decoding iterations equals the 
predefined minimum number of iterations, and the error-detection 
measure has been satisfied for the at least one previous packet. 
20 In accordance with another aspect of the present invention, there is 

advantageously further provided an iterative decoder, comprising first and 
second decoding means for performing an iterative decoding process on a 
packet; packet storage means coupled to the first and second decoding 
means; means for determining whether a number of decoding iterations 
25 equals a predefined maximum number of iterations; means for determining 
whether the packet storage means is filled to within a predefined percentage 
of the storage capacity of the packet storage means; means for determining 
whether the number of decoding iterations equals a predefined minimum 
number of iterations; means for determining whether an error-detection 
30 measure has been satisfied for at least one previous packet; and means for 
terminating the iterative decoding process for the packet if (1) the number of 
decoding iterations equals the predefined maximum number of iterations, 
or if (2) the packet storage means is filled to within the predefined 
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percentage of the storage capacity of the- packet storage means-, or- if (3) the - 
number of decoding iterations equals the predefined minimum number of 
iterations, and if the error-detection measure has been satisfied for the at 

least one previous packet. 
5 In accordance with another aspect of the present invention, there is 

advantageously further provided an iterative decoder, comprising first and 
second decoders; an interleaver coupled to the first and second decoders and 
configured to interleave bits within a packet that was decoded by the second 
decoder and to provide the interleaved packet to the first decoder; a de- 
10 interleaver coupled to the first and second decoders and configured to de- 
interleave bits within a packet that was decoded by the first decoder and to 
provide the de-interleaved packet to the second decoder; an error-detection 
module coupled to the second decoder; an input packet buffer coupled to the 
first decoder; and a control unit coupled to the first and second decoders, the 
15 interleaver, the de-interleaver, the error-detection module, and the input 
packet buffer, the control unit being configured to terminate an iterative 
decoding process being performed on a packet if (1) a number of decoding 
iterations equals a predefined maximum number of iterations, or (2) the 
error-detection module generates a satisfactory error-detection measure for 
20 two previous packets, or (3) the input packet buffer is filled to within a 
predefined percentage of the storage capacity of the input packet buffer. 

In accordance with another aspect of the present invention, there is 
advantageously further provided A method of terminating an iterative 
decoding process being performed on a packet in an iterative decoder, 
25 comprising the steps of determining whether a number of decoding 
iterations equals a predefined maximum number of iterations; determining 
whether a packet storage element coupled to an input of the iterative 
decoder is filled to within a predefined percentage of the storage capacity of 
the packet storage element; determining whether the number of decoding 
30 iterations is greater than or equal to a predefined minimum number of 
iterations; determining whether an error-detection measure has been 
satisfied for at least one previous packet; and terminating the iterative 
decoding process for the packet if (1) the number of decoding iterations 
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equals the predefined maximum number of iterations, or it (2) the number 
of decoding iterations is greater than or equal to the predefined minimum 
number of iterations, and the packet storage element is filled to within the 
predefined percentage of the storage capacity of the packet storage element, 
5 or if (3) the number of decoding iterations is greater than or equal to the 
predefined minimum number of iterations, and the error-detection 
measure has been satisfied for the at least one previous packet. 

In accordance with another aspect of the present invention, there is 
advantageously further provided an iterative decoder, comprising first and 
10 second decoding means for performing an iterative decoding process on a 
packet; packet storage means coupled to the first and second decoding 
means; means for determining whether a number of decoding iterations 
equals a predefined maximum number of iterations; means for determining 
whether the packet storage means is filled to within a predefined percentage 
15 of the storage capacity of the packet storage means; means for determining 
whether the number of decoding iterations is greater than or equal to a 
predefined minimum number of iterations; means for determining 
whether an error-detection measure has been satisfied for at least one 
previous packet; and means for terminating the iterative decoding process 
20 for the packet if (1) the number of decoding iterations equals the predefined 
maximum number of iterations, or if (2) the number of decoding iterations 
is greater than or equal to the predefined minimum number of iterations, 
and the packet storage means is filled to within the predefined percentage of 
the storage capacity of the packet storage means, or if (3) the number of 
25 decoding iterations is greater than or equal to the predefined minimum 
number of iterations, and the error-detection measure has been satisfied for 
the at least one previous packet. 

The present invention will be more fully understood from the 
following detailed description of the preferred embodiments thereof, taken 
30 together with the drawings, in which: 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig, 1 is a block diagram of an iterative decoder, in accordance with 
5 one embodiment of the present invention; 

Fig. 2 is a flow chart of actions performed by a decoder to determine 
whether to stop decoding a packet, in accordance with one embodiment of 
the present invention; 

Fig. 3 is a block diagram of an iterative decoder, in accordance with 
10 another embodiment of the present invention; 

Fig. 4 is a flow chart of actions performed by a decoder to determine 
whether to stop decoding a packet, in accordance with another embodiment 
of the present invention; and 

Fig. 5 is a flow chart of actions performed by a decoder to determine 
15 whether to stop decoding a packet, in accordance with another embodiment 
of the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

20 Fig. 1 is a block diagram of a decoding processor 50, in accordance with 

an embodiment of the present invention. Processor 50 is preferably part of a 
digital receiver which receives analog signals. The received signals are 
digitized and preferably transformed to a scale in the range I -32,31 1 
representing probability values in a logarithmic scale, as is known in the art. 

25 Alternatively, the scale may be in any other range and /or may be a non- 
logarithmic scale. Preferably, decoding processor 50 receives the digitized 
signals from a demodulator or channel de-interleaver (not shown), as is 
known in the art. The received digital signals were encoded before sending 
in accordance with a multi-code scheme, preferably including in series an 

30 outer coding scheme, interleaving, and an inner coding scheme. 
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Alternatively or additionally, the multi-code scheme includes a Turbo code 
scheme, or any other suitable iterative scheme. 

The digitized data incoming to processor 50 is accumulated in two 
parallel buffers 62 and 64, wherein buffer 62 receives a first packet of data and 
5 buffer 64 receives a second packet. An inner decoder 68, which decodes the 
inner code, is connected alternately to buffers 62 and 64 via a switch 66. 
Decoder 68 is preferably an A Posteriori Probability (APP) decoder, also 
termed a Maximum A Posteriori (MAP) decoder. Such decoders are known 
in the art and are described, for example, in "Implementation and 

10 Performance of a Turbo /Map Decoder," by Steven S. Pietrobon, 
International Journal of Satellite Communications, vol. 16, 1998, pp.23-46, 
which is incorporated herein by reference, as well as in a U.S. patent 
application having Serial No. 09/186,753, filed November 5, 1998 and 
entitled "Efficient Trellis State Metric Normalization," which is assigned to 

15 the assignee of the present invention and is incorporated herein by 
reference. Further alternatively, decoder 68 may comprise other decoders 
known in the art including SOVA decoders. 

Two dual-port memories, preferably RAMs 52 and 54, are connected 
alternately to inner decoder 68 through two switches 56 and 58. Preferably, 

20 switch 56 conveys decoded output from decoder 68 to one of RAMs 52 and 
54, while switch 58 conveys input to decoder 68 from the same one of the 
RAMs. Preferably, the output from decoder 68 is de-interleaved by a de- 
interleaver 72 upon its entrance to RAM 52 or 54 or upon its exit therefrom. 
Likewise, the input to decoder 68 through switch 58 is preferably interleaved 

25 by interleavers 74 associated with RAMs 52 and 54. 

An outer APP (or MAP) decoder 70, preferably similar to decoder 68 in 
structure although directed to decoding a different code, i.e., the outer code, 
is connected alternately to RAMs 52 and 54 via a switch 76. Preferably, 
decoder 70 comprises two output lines: a first output line 90 which provides 

30 probability information on coded signals for further processing, and a second 
output line 92 which provides probability information on decoded data 
signals. A switch 78 connected to output line 90 preferably alternately directs 
output from decoder 70 to interleavers 74 of RAMs 52 and 54. After a 
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sufficient -number ot- iterations in processor 50, the output from decoder 70 _ 
on output line 92 is preferably passed to a decision unit 80, which converts 
soft data to hard data. Preferably, the hard data is passed to a CRC checking 
unit 83 which determines and checks the CRC of the decoded packet. 
5 Preferably, decoder 68 outputs the decoded data as extrinsic 

information, i.e., as the difference between the LLR probabilities of its input 
data from switch 58 and its calculated improved LLR probabilities, as is 
known in the art and defined, for example, in the above mentioned 
publication bv Hagenauer et al. Decoder 70 on the other hand preferably has 

10 two output lines 90 and 92, as described above, one of which (preferably line 
92) conveys extrinsic information as feedback to decoder 68 and the other of 
which (preferably line 90) conveys a priori probability information, i.e., the 
calculated LLR probabilities, to decision unit 80. 

The decoded hard data is preferably output from decoding unit 50 via 

15 a switch 86 which directs the output on two separate lines 82 and 84, 
depending on in which of buffers 62 and 64 the original packet was stored. 
Preferably, a control unit 88 controls the operation of decoders 68 and 70, the 
states of the switches, and other operations of processor 50. 

During operation, two successive packets of data are input to buffers 

20 62 and 64, respectively. Switches 66 and 56 are set to their upper states (as 
shown in Fig. 1), and decoder 68 performs a first cycle in which a first inner 
decoding iteration on the packet in buffer 62. In the first inner decoding 
iteration, decoder 68 receives the input packet from buffer 62 and generates 
an output packet in RAM 52. The output packet is preferably de-interleaved 

25 in RAM 52 by de-interleaver 72, thus preparing the packet for input to 
decoder 70. The state of switch 58 does not affect the operation of decoder 68 
and therefore does not matter or is disconnected. 

Thereafter, switches 56 and 66 are brought to their lower state, and 
switches 76 and 78 are brought to their upper states. At this point control 

30 unit 88 initiates operation of both decoders 68 and 70. Decoder 68 performs a 
first inner decoding iteration on the packet in buffer 64 and generates an 
output packet in RAM 54. The output packet is preferably de-interleaved by 
. de-interleaver 72 on its way into RAM 54 in preparation for input to decoder 
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70 during the next cycle of the processor. Alternatively or additionally, de- 
interleaver 72 de-interleaves the packet on its way out of RAM 54. 
Concurrently, decoder 70 performs a first outer decoding iteration on the 
packet in RAM 52. Decoder 72 operates on the de-interleaved packet in 
5 RAM 52 and generates an output packet back in RAM 52. The output packet 
is interleaved, by interleaver 74 associated with RAM 52, in preparation for 
re-use by decoder 68. 

In a third operation cycle, switches 56, 58 and 66 are brought to their 
upper state and switches 76 and 78 are brought to their lower state, as in the 
10 first cycle. Decoder 68 receives input from both buffer 62 and RAM 52 and 
performs a second inner decoding iteration on the packet in buffer 62. The 
output packet is passed to RAM 52 as in the first inner decoding iteration. 
Concurrently, decoder 70 performs a first outer decoding iteration on the 
packet from buffer 64. The output is returned to RAM 54 to be interleaved 

15 by unit 74 in preparation for use by decoder 68. Thereafter the states of 
switches 56, 58, 66, 76 and 78 are changed, decoder 68 operates on the packet 
in buffer 64 and decoder 70 operates on the packet from buffer 62. Thus, 
decoders 68 and 70 interchangeably perform decoding iterations on the 
packets in buffer 62 and 64. Both of decoders 68 and 70 operate concurrently, 

20 and thus, using the same amount of hardware as processors known in the 
art, it is possible to achieve twice the decoding speed. 

Control unit 88 decides when to terminate the decoding of the 
packets, preferably in accordance with a method described hereinbelow. The 
output from decoder 70 is passed both through switch 78 and to decision 

25 unit 80, which derives hard data (0's and l's) from the signs of the soft data 
in the packet, as described hereinabove or as is generally known in the art. 
The hard data is passed to CRC checking unit 83 which determines the CRC 
and passes it to control unit 88. According to the CRC and other 
information, control unit 88 decides whether to perform another decoding 

30 iteration as described further hereinbelow. 

Alternatively or additionally, after a predetermined number of 
decoding iterations, the decoding of each packet is terminated. Switch 86 is 
set on whichever of the two lines 82 or 84 the packet is to be output, and 
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preferably switch 78 is disconnected. The output from decoder 70 js^passed to 
decision unit 80, and from there is output via lines 82 or 84. At substantially 
the same time, a new packet of data is input to buffer 62 or 64 in which the 
now-decoded packet was originally stored, and the decoding process is 
5 continued. Preferably, new packets are sequentially loaded into each of 
buffers 62 and 64 and then processed by decoder 68 independently of one 
other. Alternatively, buffers 62 and 64 are filled with new packets one after 
the other in immediate succession, so that two new packets enter the 
decoding process in immediately successive cycles. 

10 Fig. 2 is a flow chart illustrating an iterative decoding method 

performed by decoder 70 under supervision of control unit 88, in accordance 
with one embodiment of the present invention. Preferablv, for each new 
packet entering processor 50, a counter of the number of decoding iterations 
performed is set to zero. For each outer decoding iteration of the packet, the 

15 counter is incremented. Until the counter reaches a predetermined 
minimum number of iterations (TR), the packet is automatically passed back 
from decoder 70 to decoder 68 for another decoding iteration. Preferably, the 
predetermined number (TR) is set to the minimal number of iterations 
which may achieve a sufficient decoding quality suitable for output. Further 

20 preferably, the predetermined number (TR) is between four and eight. 

After the predetermined number of initial iterations have been 
performed, decoder 70 and /or control unit 88 determines the minimal 
absolute value of the LLR probability values L of the bits in the packet, 
min( | L I ), i.e., the LLR probability value among all of the bits in the packet 

25 that is closest to zero. (As noted hereinabove, the bit probabilities are 
measured in the log domain on a scale of -32 to 31, with the extrema of the 
scale corresponding to high probabilities of a one or a zero, respectively.) 
The minimal LLR probability represents a level of confidence that the LLR 
probability represents the correct hard bit value. Therefore, if the minimal 

30 LLR probability value is not above a predetermined absolute probability 
threshold, the decoding process continues. However, if the minimal LLR 
probability value is above the predetermined threshold, the CRC of the 
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packet is preferably verified, and the decoding of the packet* terminated if 
the CRC is correct. 

Preferably, the minimal absolute value is calculated from the decoded 
data LLR probabilities on output line 90. Alternatively or additionally, the 
5 minimal absolute value is calculated from the coded data LLR a priori 
probabilities which corresponds to the extrinsic information on line 92, as 
described hereinabove and as is known in the art. 

Alternatively, decoder 70 checks either the minimum probability 
value or the CRC code, but not both. Further alternatively, any other 
10 measure of the progress of convergence of the probability values to the 
extrema is used instead of the minimum value. For example, the average or 
the median of the probability values of the bits may be compared to a 
different respective threshold. It is noted, however, that using the 
minimum is simple and generally requires less time to compute. In one 
embodiment of the present invention, instead of first calculating the 
minimum and only then comparing to the threshold, the probabilities are 
compared in sequence to the minimum threshold. If a bit with a probability 
lower than the threshold is found, the checking is terminated and another 
iteration is performed. 

Further alternatively or additionally, the minimum probability is 
adjusted to ignore outliers. Preferably, a predetermined number of 
probability values beneath the minimum value are ignored. 

Further alternatively or additionally, the minimum or average 
probability is calculated on a subset of the bits in the packet, preferably on a 
25 random subset. 

It is noted that the method described hereinabove of determining 
when to terminate the iterative decoding, is not limited to use onlv with 
decoding processor 50. The above method may be used in any iterative 
decoder, including Turbo code decoders and Turbo-style decoders. 

It is further noted that although the above description refers to 
decoding methods using LLR probabilities in the log domain, the methods 
of the present invention may be used with other probability representations. 
Particularly, the methods of the present invention may be used with 
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decoders, such as DSP floating-pom t-arithmetic decoders, _\\*Kich .represent 

probabilities in the normal range, i.e., between 0 and 1. In such decoders, the 
method of choosing the minimum probability is adjusted so that the 
minimum is chosen relative to a hard data decision ('0' or T) represented 
5 by the probabilities. 

In another embodiment of the present invention, an iterative 
decoding system 100 includes a frame buffer 102, an inner decoder 104, an 
interleaver 106, a de-interleaver 108, an outer decoder 110, a decision unit 
112, a CRC checking unit 114, and a control unit 116, as shown in Fig. 3. The 

10. interleaver 106 and the de-interleaver 108 may advantageously be 
implemented with RAM memory. The system 100 is advantageously part of 
a digital receiver that receives analog signals. The received signals are 
digitized and advantageously transformed to a scale in the range {-32,31} 
representing probability values in a logarithmic scale, as is known in the art. 

15 Alternatively, the scale may be in any other range and /or may be a non- 
logarithmic scale. 

Advantageously, the iterative decoding system 100 receives the 
digitized signals from a demodulator or channel de-interleaver (not shown), 
as is known in the art. The received digital signals were encoded before 

20 being transmitted in accordance with a multi-code scheme, advantageously 
including in series an outer coding scheme, interleaving, and an inner 
coding scheme. Alternatively or additionally, the multi-code scheme 
includes a Turbo code scheme, or any other suitable iterative scheme. 

The digitized data incoming to the system 100 is accumulated in the 

25 frame buffer 102, which receives the data in packets. The frame buffer 102 
may advantageously be implemented with FIFO. The frame buffer 102 is 
configured to send a hardware control signal, denoted FAST_DECODE and 
described hereinbelow, to the control unit 116. The inner decoder 104, 
which decodes the inner code, is coupled to the frame buffer 102. The 

30 decoder 104 is advantageously an APP decoder (or MAP decoder), as known 
in the art. Further alternatively, the inner decoder 104 may comprise other 
decoders known in the art including, e.g., SOVA decoders. 
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The inner decoder 104 is coupled to the de-interleaver lD8. A decoded 
data signal is output from the inner decoder 104 and is de-interleaved by the 
de-interleaver 108. The de-interleaver 108 is coupled to the outer decoder 
110. 

5 The outer APP (or MAP) decoder 110, which is advantageously 

similar to the inner decoder 104 in structure although directed to decoding a 
different code (i.e., the outer code), is also coupled to the interleaver 106. 
The interleaver 106 is advantageously a pseudo-random interleaver, but 
may in the alternative be a block interleaver or a convolutional interleaver. 

10 Advantageously, the outer decoder 110 includes two output lines: a first 
output line that is connected to the interleaver 106, providing probability 
information on coded signals for further processing, and a second output 
line that is connected to the decision unit 112, providing probability 
information on decoded data signals. After a sufficient number of iterations 

15 in the decoding system 100, the output from the outer decoder 110 on the 
second output line is advantageously passed to the decision unit 112, which 
converts soft data to hard data. Advantageously, the hard data is passed to 
the CRC checking unit 114, which determines and checks the CRC of the 
decoded packet. 

20 Advantageously, the inner decoder 104 outputs the decoded data as 

extrinsic information, i.e., as the difference between the LLR probabilities of 
its input data and its calculated improved LLR probabilities, as is known in 
the art and defined, for example, in the above-mentioned publication by 
Hagenauer et al. The outer decoder 110, on the other hand, advantageously 

25 includes two output lines, as described above, one of which conveys 
extrinsic information as feedback to the inner decoder 104 and the other of 
which conveys a priori probability information, i.e., the calculated LLR 
probabilities, to the decision unit 112. 

The decoded hard data is advantageously output from the decoding 

30 system 100 under the control of the control unit 116. The control unit 116 
also controls other operations of the iterative decoding svstem 100. The 
control unit 100 may advantageously be a microprocessor. In the 
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alternative, the „control_ unit _ 116 may _ be implemented, with. Jiny 
conventional processor, controller, microcontroller, or state machine. 

When both decoders 104, 110 have decoded a packet, the decoding 
system 100 has performed one iteration. The control unit 116 decides when 
5 to terminate the decoding of the packets, advantageously in accordance with 
method steps described hereinbelow. The output from the outer decoder 110 
is passed to the decision unit 112, which derives hard data (0's and l's) from 
the signs of the soft data in the packet, as described hereinabove or as is 
generally known in the art. The hard data is passed to the CRC checking 
10 unit 114, which determines the CRC in accordance with known methods 
and passes the CRC to the control unit 116. Based upon the CRC and other 
information, the control unit 116 decides whether to perform another 
decoding iteration as described further hereinbelow. 

Alternatively or additionally, after a predetermined number of 
15 decoding iterations, the decoding of each packet is terminated. The output 
from the inner decoder 110 is passed to the decision unit 112, and from there 
is output from the decoding system 100. At substantially the same time, a 
new packet of data is input to the frame buffer 102 (in which the now- 
decoded packet was originally stored), and the decoding process is continued. 
20 In accordance with one embodiment, the iterative decoding system 

100, under the supervision of the control unit 116, performs the algorithm 
steps illustrated in the flow chart of Fig. 4 to stop the process of iteratively 
decoding a data packet. In step 200 a counter (not shown) of the number of 
decoding iterations performed is set to zero for each new packet that enters 
25 the system. The current iteration number is denoted ITER_NUM. The 
system then proceeds to step 202 and begins a decoding iteration. The system 
then proceeds to step 204 and increments the current iteration number, 
ITER_NUM. For each outer decoding iteration of the packet, the counter is 
incremented. Until the counter reaches a predefined minimum number of 
30 iterations, MIN_ITER_NUM, the packet is automatically passed back from 
the outer decoder to the inner decoder for another decoding iteration. 
Advantageously, the predefined minimum number of iterations, 
MIN_ITER__NUM, is set to the minimal number of iterations that may 
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achieve a sufficient decoding quality suitable for output. Further 
advantageously, the predefined minimum number of iterations, 
MIIM_ITER_NUM, is between four and eight. In one embodiment the 
predefined minimum number of iterations, MIN_ITER_NUM, is a four-bit 
frame parameter. After incrementing the current iteration number, 
ITER_NUM, the system proceeds to step 206. 

In step 206 the system determines whether the current iteration 
number, ITER_NUM, is equal to a predefined maximum number of 
iterations, MAX_ITER_NUM. Advantageously, the predefined maximum 
number of iterations, MAX_ITER_NUM, is between twelve and sixteen. In 
one embodiment the predefined maximum number of iterations, 
MAX_ITER_NUM, is a four-bit frame parameter. If the current iteration 
number, ITER_NUM, is equal to the predefined maximum number of 
iterations, MAX_ITER_NUM, the system proceeds to step 208. In step 208 
the system stops performing decoding iterations on the data packet. If, on 
the other hand, the current iteration number, ITER_NUM, is not equal to 
the predefined maximum number of iterations, MAX_ITER_NUM, the 
system proceeds to step 210. 

In step 210 the system determines whether the current iteration 
number, ITER_NUM, is greater than or equal to the predefined minimum 
number of iterations, MIN_ITER_NUM. If the current iteration number, 
ITER_NUM, is greater than or equal to the predefined minimum number of 
iterations, MIN_ITER_NUM, the system proceeds to step 212. If, on the 
other hand, the current iteration number, ITER_NUM, is not greater than 
or equal to the predefined minimum number of iterations, 
MIN_ITER_NUM, the system returns to step 202 to perform another 
decoding iteration. 

In step 212 the system determines whether a condition flag denoted 
CRC_CHECK_MODE_OK is equal to one (i.e., whether the flag is set). The 
condition flag CRC_CHECK_MODE_OK flag, which is advantageously a flag 
in a decoding mode register (not shown) in the control unit, is 
advantageously written by the control unit. In one embodiment the 
CRC_CHECK_MODE_OK flag having a value of one indicates that the 
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previous, tvvoJterations resulted in good .cyclic redundancy- checks (CRC). - 

CRC is an error-detection method that is well known in the relevant art. In 
another embodiment the CRC_CHECK_MODE_OK flag having a value of 
one indicates that the CRC bits tor the previous two iterations were 
5 identical. In another embodiment the CRC_CHECK_MODE_OK flag 
having a value of one indicates that the CRC bits for the previous two 
iterations were identical and that the previous two iterations resulted in 
good CRC. In another embodiment the CRC_CHECK_MODE_OK flag 
having a value of one indicates that the CRC bits for the previous iteration 

10 were good and that the entire packet is identical to the decoded packet on the 
previous iteration. In another embodiment a CONVERGE_DETECTED flag 
may be used in place of the CRC_CHECK_MODE_OK flag. The 
CONVERGE_DETECTED flag having a value of one indicates that the entire 
packet is identical to the decoded packet on the previous iteration. This is 

15 beneficial, for example, when the decoder has converged to an erroneous 
solution, and there is no need to continue trying to decode (i.e., there is no 
CRC in this mode). In other embodiments the CRC_CHECK_MODE_OK 
flag may having a value of one may indicate whether other known error- 
detection measures were satisfied for the previous two data packets. 

20 If in step 212 the CRC_CHECK_MODE_OK flag is equal to one, the 

system proceeds to step 208, terminating the iteration process for the data 
packet. If, on the other hand, the CRC„CHECK_MODE_OK flag is not equal 
to one (i.e., the flag is equal to zero, or cleared), the system proceeds to step 
214. 

25 In step 214 the system determines whether a hardware control signal' 

denoted FAST_DECODE is equal to one. The FAST_DECODE hardware 
control signal may advantageously be used in a multi-user decoding system, 
in which a signal is sent by the demodulator (not shown) to speed up the 
decoding system. The FAST_DECODE hardware control signal may 

30 advantageously be generated by an external FIFO to tell the decoding system 
to finish decoding a packet as soon as possible after the minimum number 
of iterations, MIN_ITER_NUM, has been performed. Alternatively, the 
FAST_DECODE hardware control signal mav be driven bv the FIFO of the 
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input frame buffer to the decoding system. A threshold is set on the FIFO 
such that if the FIFO is filled with packets to a level that is below the 
threshold, the decoding system can run the maximum number iterations, 
MAX_ITER_NUM. If the FIFO is close to full (i.e., if the threshold is met or 
5 exceeded), the decoding system will run only the minimum number of 
iterations, MIN_ITER_NUM. Thus, if the FIFO is filled to within a 
predefined percentage of the storage capacity of the FIFO, the 
FAST_DECODE hardware control signal is driven. The threshold level may 
thus advantageously be set on the FIFO to drive the FAST_DECODE 

10 hardware control signal in the event the decoding system realizes that it 
cannot serve all of the packets waiting in the input frame buffer. 

If in step 214 the FAST_DECODE hardware control signal is equal to 
one, the system proceeds to step 208, stopping the iteration process for the 
data packet. If, on the other hand, the FAST_DECODE hardware control 

15 signal is not equal to one (i.e., it is equal to zero), the system returns 'to step 
202 to perform another decoding iteration. 

It would be understood by those skilled in the art that the method 
steps of Fig. 4 may be performed by any iterative decoder including, e.g., 
Turbo decoders or Turbo-style decoders. It is well known that the Turbo 

20 decoding principal can be used for iterating between an equalizer and a 
decoder, or between a demodulator and a decoder. Therefore, it would also 
be understood by those skilled in the art that the method steps of Fig. 4 may 
be performed in Turbo equalization (including a decoder). 

In accordance with another embodiment, the iterative decoding 

25 system 100 of Fig. 3, under the supervision of the control unit 116, performs 
the algorithm steps illustrated in the flow chart of Fig. 5 to stop the process 
of iteratively decoding a data packet. In step 300 a counter (not shown) of the 
number of decoding iterations performed is set to zero for each new packet 
that enters the svstem. The current iteration number is denoted 

30 ITER_NUM. The system then proceeds to step 302 and begins a decoding 
iteration. The system then proceeds to step 304 and increments the current 
iteration number, ITER_NUM. For each outer decoding iteration of the 
packet, the counter is incremented. Until the counter reaches a predefined 
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... minimum, .number of_ iterations, _ MIN_ITER_NUM,_ the ^packet _is 
automatically passed back from the outer decoder to the inner decoder for 
another decoding iteration. Advantageously, the predefined minimum 
number of iterations, MIN_ITER_NUM, is set to the minimal number of 
5 iterations that may achieve a sufficient decoding quality suitable for output. 
Further advantageously, the predefined minimum number of iterations, 
MIN_ITER_NUM, is between four and eight. In one embodiment the 
predefined minimum number of iterations, MIN_ITER_NUM, is a four-bit 
frame parameter. After incrementing the current iteration number, 

10 ITER_NUM, the system proceeds to step 306. 

In step 306 the system determines whether the current iteration 
number, ITER_NUM, is equal to a predefined maximum number of 
iterations, MAX_ITER_NUM. Advantageously, the predefined maximum 
number of iterations, MAX_ITER_NUM, is between twelve and sixteen. In 

15 one embodiment the predefined maximum number of iterations, 
MAX_ITER_NUM, is a four-bit frame parameter. If the current iteration 
number, ITER_NUM, is equal to the predefined maximum number of 
iterations, MAX_ITER_NUM, the system proceeds to step 308. In step 308 
the system stops performing decoding iterations on the data packet. If, on 

20 the other hand, the current iteration number, ITER__NUM, is not equal to 
the. predefined maximum number of iterations, MAX_ITER_NUM, the 
system proceeds to step 310. 

In step 310 the system determines whether a condition flag denoted 
CRC_CHECK_MODE_OK is equal to one (i.e., whether the flag is set). The 

25 condition flag CRC_CHECK_MODE_OK flag, which is advantageously a flag 
in a decoding mode register (not shown) in the control unit, is 
advantageously written by the control unit. In one embodiment the 
CRC_CHECK_MODE_OK flag having a value of one indicates that the 
previous two iterations resulted in good CRC. In another embodiment the 

30 CRCj2HECK_MODE_OK flag having a value of one indicates that the CRC 
bits for the previous two iterations were identical. In another embodiment 
the CRC_CHECK_MODE_OK flag having a value of one indicates that the 
CRC bits for the previous two iterations were identical and that the previous 
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two iterations resulted in good CRC. In another embodiment the 
CRC_CHECK_MODE_OK flag having a value of one indicates that the CRC 
bits for the previous iteration were good and that the entire packet is 
identical to the decoded packet on the previous iteration. In another 
5 embodiment a CONVERGEJDETECTED flag may be used in place of the 
CRC_CHECK_MODE_OK flag. The CONVERGE_DETECTED flag having a 
value of one indicates that the entire packet is identical to the decoded 
packet on the previous iteration. This is beneficial, for example, when the 
decoder has converged to an erroneous solution, and there is no need to 

10 continue trying to decode (i.e., there is no CRC in this mode). In other 
embodiments the CRC_CHECK_MODE_OK flag may having a value of one 
may indicate whether other known error-detection measures were satisfied 
for the previous two data packets. 

If in step 310 the CRC_CHECK_MODE_OK flag is equal to one, the 

15 system proceeds to step 308, terminating the iteration process for the data 
packet. If, on the other hand, the CRC_CHECK_MODE_OK flag is not equal 
to one (i.e., the flag is equal to zero, or cleared), the system proceeds to step 
312. 

In step 312 the system determines whether the current iteration 
20 number, ITER_NUM, is equal to the predefined minimum number of 
iterations, MIN_ITER_NUM. If the current iteration number, ITER_NUM, 
is equal to the predefined minimum number of iterations, 
MIN_ITER_NUM, the system proceeds to step 314. If, on the other hand, 
the current iteration number, ITER_NUM, is not equal to the predefined 
25 minimum number of iterations, MIN_ITER_NUM, the system returns to 
step 302 to perform another decoding iteration. 

In step 314 the system determines whether a hardware control signal 
denoted FAST_DECODE is equal to one. The FAST_DECODE hardware 
control signal may advantageously be used in a multi-user decoding system, 
30 in which a signal is sent by the demodulator (not shown) to speed up the 
decoding system. The FAST_DECODE hardware control signal mav 
advantageously be generated by an external FIFO to tell the decoding svstern 
to finish decoding a packet as soon as possible after the minimum number 
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of. iterations,. M1N_ITER_NUM / . .has been performed. _ .Alternatively, the 

FAST_DECODE hardware control signal may be driven by the FIFO of the 
input frame buffer to the decoding system. A threshold is set on the FIFO 
such that if the FIFO is filled with packets to a level that is below the 
5 threshold, the decoding system can run the maximum number iterations, 
MAX_ITER_NUM. If the FIFO is close to full (i.e., if the threshold is met or 
exceeded), the decoding system will run only the minimum number of 
iterations, MIN_ITER_NUM. Thus, if the FIFO is filled to within a 
predefined percentage of the storage capacity of the FIFO, the 

10 FAST_DECODE hardware control signal is driven. The threshold level may 
thus advantageously be set on the FIFO to drive the FAST_DECODE 
hardware control signal in the event the decoding system realizes that it 
cannot serve all of the packets waiting in the input frame buffer. 

If in step 314 the FAST_DECODE hardware control signal is equal to 

15 one, the system proceeds to step 308, stopping the iteration process for the 
data packet. If, on the other hand, the FAST_DECODE hardware control 
signal is not equal to one (i.e., it is equal to zero), the system returns to step 
302 to perform another decoding iteration. 

It would be understood by those skilled in the art that the method 

20 steps of Fig. 5 may be performed by any iterative decoder including, e.g., 
Turbo decoders or Turbo-style decoders. It is well known that the Turbo 
decoding principal can be used for iterating between an equalizer and a 
decoder, or between a demodulator and a decoder. Therefore, it would also 
be understood by those skilled in the art that the method steps of Fig. 5 may 

25 be performed in Turbo equalization (including a decoder). 

Thus, a novel, efficient, iterative decoder has been described. Those of 
skill in the art would understand that the various illustrative logical blocks 
and algorithm steps described in connection with the embodiments 
disclosed herein may be implemented or performed with a digital signal 

30 processor (DSP), an application specific integrated circuit (ASIC), discrete gate 
or transistor logic, discrete hardware components such as, e.g., registers and 
FIFO, a processor executing a set of firmware instructions, or any 
conventional programmable software module and a processor. The 
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processor may advantageously be a microprocessor, but in the alternative, 
the processor may be any conventional processor, controller, 
microcontroller, or state machine. The software module could reside in 
RAM memory, flash memory, registers, or any other form of writable 
5 storage medium known in the art. Those of skill would further appreciate 
that the data, instructions, commands, information, signals, bits, symbols, 
and chips that may be referenced throughout the above description are 
advantageously represented by voltages, currents, electromagnetic waves, 
magnetic fields or particles, optical fields or particles, or any combination 
10 thereof. 

It will be appreciated that the preferred embodiments described above 
are cited by way of example, and the full scope of the invention is limited 
only by the claims. 

What is claimed is: 
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CLAIMS . ~ 



1. A method of terminating an iterative decoding process being 
2 performed on a packet in an iterative decoder, comprising the steps of: 

determining whether a number of decoding iterations equals a 
4 predefined maximum number of iterations; 

determining whether a packet storage element coupled to an 
6 input of the iterative decoder is filled to within a predefined percentage of 

the storage capacity of the packet storage element; 
8 determining whether the number of decoding iterations equals 

a predefined minimum number of iterations; 
10 determining whether an error-detection measure has been 

satisfied for at least one previous packet; and 
12 terminating the iterative decoding process for the packet if (1) 

the number of decoding iterations equals the predefined maximum number 
14 of iterations, or if (2) the packet storage element is filled to within the 
predefined percentage of the storage capacity of the packet storage element, 
16 or if (3) the number of decoding iterations equals the predefined minimum 
number of iterations, and the error-detection measure has been satisfied for 
18 the at least one previous packet. 

2. The method of claim 1, wherein the error-detection measure 
2 comprises a cyclic redundancy check. 

3. The method of claim 1, wherein the at least one previous 
2 packet comprises two previous packets. 

4. The method of claim 1, wherein the error-detection measure is 
2 satisfied if cyclic redundancy check bits are identical for two previous 

packets. 

5. The method of claim 1, wherein the error-detection measure is 
2 satisfied if a cyclic redundancy check is satisfactory for a previous decoded 
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packet, and if the previous decoded packet is identical to the packet being 
subjected to the iterative decoding process. 

6. The method of claim 1, wherein the error-detection measure is 
satisfied if the previous decoded packet is identical to the packet being 
subjected to the iterative decoding process. 

7. An iterative decoder, comprising: 

first and second decoding means for performing an iterative 
decoding process on a packet; 

packet storage means coupled to the first and second decoding 

means; 

means for determining whether a number of decoding 
iterations equals a predefined maximum number of iterations; 

means for determining whether the packet storage means is 
filled to within a predefined percentage of the storage capacity of the packet 
storage means; 

means for determining whether the number of decoding 
iterations equals a predefined minimum number of iterations; 

means for determining whether an error-detection measure 
has been satisfied for at least one previous packet; and 

means for terminating the iterative decoding process for the 
packet if (1) the number of decoding iterations equals the predefined 
maximum number of iterations, or if (2) the packet storage means is filled to 
within the predefined percentage of the storage capacity of the packet storage 
means, or if (3) the number of decoding iterations equals the predefined 
minimum number of iterations, and if the error-detection measure has been 
satisfied for the at least one previous packet. 



8. The iterative decoder of claim 7, wherein the error-detection 
measure comprises a cyclic redundancy check. 
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9. The iterative decoder of claim 7, wherein the" at least one 
2 previous packet comprises two previous packets. 

10. The iterative decoder of claim 7, wherein the error-detection 
2 measure is satisfied if cyclic redundancy check bits are identical for two 

previous packets. 

11. The iterative decoder of claim 7, wherein the error-detection 
2 measure is satisfied if a cyclic redundancy check is satisfactory for a previous 

decoded packet, and if the previous decoded packet is identical to the packet 
4 being subjected to the iterative decoding process. 

12. The iterative decoder of claim 7 , wherein the error-detection 
2 measure is satisfied if the previous decoded packet is identical to the packet 

being subjected to the iterative decoding process. 

13. An iterative decoder, comprising: 
2 first and second decoders; 

an interleaver coupled to the first and second decoders and 
4 configured to interleave bits within a packet that was decoded by the second 

decoder and to provide the interleaved packet to the first decoder; 
6 a de-interleaver coupled to the first and second decoders and 

configured to de-interleave bits within a packet that was decoded by the first 
8 decoder and to provide the de-interleaved packet to the second decoder; 

an error-detection module coupled to the second decoder; 
10 an input packet buffer coupled to the first decoder; and 

a control unit coupled to the first and second decoders, the 
12 interleaver, the de-interleaver, the error-detection module, and the input 
packet buffer, the control unit being configured to terminate an iterative 
14 decoding process being performed on a packet if (1) a number of decoding 
iterations equals a predefined maximum number of iterations, or (2) the 
16 error-detection module generates a satisfactory error-detection measure for 
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two previous packets, or (3) the input packet buffer is filled to within a 
18 predefined percentage of the storage capacity of the input packet buffer. 

14. The iterative decoder of claim 13, wherein the error-detection 
2 module comprises a cyclic redundancy check unit. 

15. The iterative decoder of claim 13, wherein the first and second 
2 decoders comprise maximum a posteriori decoders. 

16. The iterative decoder of claim 13, wherein the first and second 
2 decoders comprise Turbo decoders. 

17. The iterative decoder of claim 13, wherein the first decoder is 
2 configured to decode an inner code, and wherein the second decoder is 

configured to decode an outer code. 

18. A method of terminating an iterative decoding process being 
2 performed on a packet in an iterative decoder, comprising the steps of: 

determining whether a number of decoding iterations equals a 
4 predefined maximum number of iterations; 

determining whether a packet storage element coupled -to an 
6 input of the iterative decoder is filled to within a predefined percentage of 

the storage capacity of the packet storage element; 
8 determining whether the number of decoding iterations is 

greater than or equal to a predefined minimum number of iterations; 
10 determining whether an error-detection measure has been 

satisfied for at least one previous packet; and 
12 terminating the iterative decoding process for the packet if (1) 

the number of decoding iterations equals the predefined maximum number 
14 of iterations, or if (2) the number of decoding iterations is greater than or 
equal to the predefined minimum number of iterations, and the packet 
16 storage element is filled to within the predefined percentage of the storage 
capacity of the packet storage element, or if (3) the number of decoding 
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18 iterations is greater than , or equal to the predefined minimum juimber of 
iterations, and the error-detection measure has been satisfied for the at least 
20 one previous packet. 



19. The method of claim 18, wherein the error-detection measure 
2 comprises a cyclic redundancy check. 

20. The method of claim 18, wherein the at least one previous 
2 packet comprises two previous packets. 

21. The method of claim 18, wherein the error-detection measure 
2 is satisfied if cyclic redundancy check bits are identical for two previous 

packets. 

22. The method of claim 18, wherein the error-detection measure 
2 is satisfied if a cyclic redundancy check is satisfactory for a previous decoded 

packet, and if the previous decoded packet is identical to the packet being 
4 subjected to the iterative decoding process. 

23. The method of claim 18, wherein the error-detection measure 
2 is satisfied if the previous decoded packet is identical to the packet being 

subjected to the iterative decoding process. 

24. An iterative decoder, comprising: 

2 first and second decoding means for performing an iterative ■ 

decoding process on a packet; 
4 packet storage means coupled to the first and second decoding 

means; 

6 means for determining whether a number of decoding 

iterations equals a predefined maximum number of iterations; 

8 means for determining whether the packet storage means is 

filled to within a predefined percentage of the storage capacity of the packet 
10 storage means; 
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means for determining whether the number ~of decoding 
12 iterations is greater than or equal to a predefined minimum number of 
iterations; 

14 means for determining whether an error-detection measure 

has been satisfied for at least one previous packet; and 
16 means for terminating the iterative decoding process for the 

packet if (1) the number of decoding iterations equals the predefined 
18 maximum number of iterations, or if (2) the number of decoding iterations 

is greater than or equal to the predefined minimum number of iterations, 
20 and the packet storage means is filled to within the predefined percentage of 

the storage capacity of the packet storage means, or if (3) the number of 
22 decoding iterations is greater than or equal to the predefined minimum 

number of iterations, and the error-detection measure has been satisfied for 
24 the at least one previous packet. 

25. The iterative decoder of claim 24, wherein the error-detection 
2 measure comprises a cyclic redundancy check. 

26. The iterative decoder of claim 24, wherein the at least one 
2 previous packet comprises two previous packets. 

27. The iterative decoder of claim 24, wherein the error-detection 
2 measure is satisfied if cyclic redundancy check bits are identical for two 

previous packets. 

28. The iterative decoder of claim 24, wherein the error-detection 
2 measure is satisfied if a cyclic redundancy check is satisfactory for a previous 

decoded packet, and if the previous decoded packet is identical to the packet 
4 being subjected to the iterative decoding process. 

29. The iterative decoder of claim 24, wherein the error-detection 
2 measure is satisfied if the previous decoded packet is identical to the packet 

being subjected to the iterative decoding process. 
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_. _ 30. Apparatus for iterative decoding of . a. sequence ~of signal - 
2 packets coded in accordance with a multi-component coding scheme, 
comprising: 

4 a plurality of decoders, each of which performs a respective different 

decoding method on one of the signal packets, such that the plurality of 
6 decoders operate substantially concurrently. 

31. Apparatus according to claim 30, wherein the plurality of 
2 decoders operate concurrently on different, respective packets. 

32. Apparatus according to claim 30, wherein the plurality of 
2 decoders operate concurrently during at least 50% of the operation time 

during which the apparatus decodes the sequence. 

33. Apparatus according to claim 32, wherein the plurality of 
2 decoders operate concurrently during substantially the entire operation 

time of the apparatus. 

34. Apparatus according to claim 30, wherein each of the plurality 
2 of decoders receives as its input a packet processed by another one of the 

plurality of decoders in most of the iterations. 

35. Apparatus according to claim 30, wherein the plurality of 
2 decoders comprises two decoders. 

36. Apparatus according to claim 30, and comprising a plurality of 
2 memory units to which the decoders output the packets after decoding. 

37. Apparatus according to claim 30, wherein the packets are 
2 interleaved or de-interleaved after decoding. 

38. Apparatus according to claim 30, wherein each of the plurality 
2 of decoders requires a generally equal decoding time to that of the other 
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decoders. 

4 39. Apparatus according to claim 30, wherein the multi- 

component coding scheme comprises a parallel coding scheme. 

40. Apparatus according to claim 30, wherein the multi- 
2 component coding scheme comprises a serial coding scheme. 

41. Apparatus according to claim 30, wherein the plurality of 
2 decoders comprise APP decoders. 

42. A method of decoding a sequence of packets of data, coded in 
2 accordance with a multi-component coding scheme including inner and 

outer codes, comprising: 
4 decoding a first packet in a first decoder, which decodes the inner 

code to generate a first decoded output packet; and 
6 decoding the first decoded output packet in a second decoder, which 

decodes the outer code, while substantially concurrently decoding a second 
8 packet in the first decoder. 

43. A method according to claim 42, and comprising outputting 
2 the first packet from the second decoder to the first decoder, so as to repeat 

decoding the inner code. 

44. A method according to claim 43, and comprising repeatedly 
2 decoding the first and second packets in the first and second decoders in 

alternation. 

45. A method according to claim 42, and comprising de- 
2 interleaving the first output packet before decoding it in the second 

decoder. 

46. A method according to claim 42, wherein the multi- 
2 component coding scheme comprises a serial coding scheme. 
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47. In a system for iterative decoding of a packet of soft data in 
2 which each bit is represented by a probability value, a method for 

determining after which of a plurality of iterations to terminate the 
4 decoding, comprising: 

determining a probability value of the bits in the packet; and 
6 deciding to terminate the decoding only if the probability value is 

above a predetermined value. 

48. A method according to claim 47, wherein determining the 
2 probability value comprises determining a minimal probability of the hard 

data values of the bits in the packet. 

49. A method according to claim 48, wherein determining the 
2 minimal probability value comprises determining a minimal absolute log 

probability value. 

4 50. A method according to claim 48, and comprising verifying 

that an error detection field in the packet is correct, and wherein deciding 

6 to terminate comprises deciding to terminate only if the error detection 
field is correct. 

51. A method according to claim 50, wherein verifying that the 
2 error detection field is correct is performed when the probability value is 

above the predetermined value. 

52. A method according to claim 47, wherein determining the 
2 probability value is performed only after a predetermined number of 

decoding iterations performed on the packet. 

53. A method according to claim 47, wherein determining the 
2 probability value comprises determining the probability value on a 

decoded copy of the bits in the packet. 
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54. A method according to claim 47, wherein determining the 
2 probability value comprises determining the probability value on a coded 

copy of the bits in the packet. 

55. Apparatus for iterative decoding of coded packets including 
2 for each bit a probability value, comprising: 

a decoder which performs iterations of decoding the packet; and 
4 a control unit which determines whether an additional iteration is 

to be performed by the decoder responsive to the probability values of the 
6 bits in the packet. 

56. Apparatus according to claim 55, wherein the control unit 
2 causes the decoder to perform a predetermined number of iterations 

without checking the packet. 

57. Apparatus according to claim 55, wherein the control unit 
2 determines whether an additional iteration is to be performed by the 

decoder responsive to an error detection field in the packet if the 
4 probability values fulfill a predetermined condition. 

58. Apparatus according to claim 57, wherein the control unit 
2 does not initiate an additional iteration by the decoder if the error 

detection field is correct. 

59. Apparatus according to claim 55, wherein the decoder 
2 comprises an APP decoder. 

60. Apparatus according to claim 55, wherein the control unit 
2 calculates a minimal probability of the hard data values of the bits in the 

packet and determines whether an additional iteration is to be performed 
4 responsive to the minimal probability. 
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61. Apparatus according to claim 60, wherein the control unit 
calculates a minimal absolute log probability value. 

62. Apparatus according to claim 60, wherein the control unit 
calculates the minimal probability based on a probability value of a 
decoded copy of the packet. 

63. Apparatus according to claim 31, wherein the control unit 
calculates the minimal probability based on a probability value of a coded 
copy of the packet. 



BNSDOCtO: <WO 0027037A2_I_> 



WO 00/27037 



PCT/US99/26101 



o 

CO 



\ 




I 
I 









h 


■ i 








— 1 








I 








a? 
























I 
I 

. mJ 



<N1 

CO 









• 03 




°5 



CO 



BNSDOCID: <WO 0027037A2_I_> 



WO 00/27037 



PCT/US99/26101 



FIG. 2 



N=0 



ITERATE 



N=N+1 




BNSDOCID: <WO 0027037A2_I_> 



WO 00/27037 



PCT/US99/26101 



3/5 




BNSDOCID: <WO 0Q27037A2J_> 



WO 00/27037 



PCT/US99/26101 



4/5 



JT££_ KlUM - O 



-Ik. 



ZOO - 



c 



£fJI> 



L^ 1 

!5J 



\_J — 




2D(„ 



T7R 



Ye* 



21o 




~ 1 £L 



Y£5 



< 



ffVST. •DECODE 



Uo 



BNSDOCID: <WO 0027037A2_L> 



WO 00/27037 



PCT/US99/26I01 



5/5 



5oX 



3oo 



Ye* 




I 




c 



3°* 



7F 



3 




3\o 



too 





I 



* 



312. 



y — Ak — ^ — V 



BNSDOCID: <WO 0027037A2_I_> 



I- 
k 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 7 
H03M 13/29 



A3 



(11) International Publication Number: 
(43) International Publication Date: 



WO 00/27037 

11 May 2000 (11.05.00) 



(21) International Application Number: PCT/US99/26101 

(22) International Filing Date: 4 November 1999 (04.1 1.99) 



(30) Priority Data: 

09/186,971 
09/350,941 



5 November 1 998 (05. 1 1 .98) US 
9 July 1999 (09.07.99) US 



(71) Applicant: QUALCOMM INCORPORATED [US/USJ; 5775 

Morehouse Drive, San Diego, C A 92121-1714 (US). 

(72) Inventors: HALLER, Haggai, H.; Eleizer Alter Street 22, 

32984 Haifa (IL). STEIN, Jeremy, M.; Na'amat Street 19, 
34670 Haira (IL). 

(74) Agents: MILLER, Russell, B. et ah; QUALCOMM Incorpo- 
rated, 5775 Morehouse Drive, San Diego, C A 92121-1714 
(US). 



(81) Designated States: AE, AL, AM, AT, AU, AZ, BA, BB, BG, 
BR, BY, CA, CH, CN, CR, CU, CZ, DE, DK, DM, EE, 
ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, 
KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, 
MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT, RO, RU, 
SD, SE, SG, SI, SK, SL, TJ, TM, TR, TT, TZ, UA, UG, 
UZ, VN, YU, ZA, ZW, ARIPO patent (GH, GM, KE, LS, 
MW, SD, SL, SZ, TZ, UG, ZW), Eurasian patent (AM, AZ, 
BY, KG, KZ, MD, RU, TJ, TM), European patent (AT, BE, 
CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, 
NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, 
GN, GW, ML, MR, NE, SN, TD, TG). 



Published 

With international search report. 

(88) Date of publication of the international search* report: 

3 1 August 2000 (3 1.08.00) 



(54) Titie: EFFICIENT ITERATIVE DECODING 



50 



CONTROL 
UNIT 



-62 




4 



68 



APP 
DECODER 
INNER 
CODE 




70 

4- 



APP 
DECODER 
OUTER 
CODE 



90 




(57) Abstract 

Apparatus for iterative decoding of a sequence of signal packets coded in accordance with a multi-component coding scheme. The 
apparatus includes a plurality of decoders (68, 70), each of which performs a respective different decoding method on one of the signal 
packets, such that the plurality of decoders operate substantially concurrently. Iterative decoding may be stopped if a predetermined threshold 
maximum number of iterations is reached, or if the previous two decoder iterations have satisfactory cyclic redundancy checks (CRC), or 
if the input frame buffer to the decoder is filled to within a predefined percentage of its storage capacity. 



BNSDOCID; <WO 0027037A3_I_> 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK . 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BC 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


ZW 


Zimbabwe 


CI 


Cdte d*Ivoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







BNSDOCID: <WO 0027037 A3_l_> 



INTERNATIONAL SEARCH REPORT 



lm donai Application No 

PCT/US 99/26101 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 7 H03M13/29 



According to International Patent Classification (IPC) or to both national classification and IPC 
B. FIELDS SEARCHED 



Minimum documentation searched (ciaasrfication system followed by classification symbols) 

IPC 7 H03M 



Documentation searched other than minimum ctocumentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* Citation of document, with indication, where appropriate, of the relevant paasages 



Relevant to daJm No. 



S. BENEDETTO ET AL.: "Iterative Decoding 
of Serially Concatenated Codes with 
Inter leavers and Comparison with Turbo 
Codes . " 

GLOBAL TELECOMMUNICATIONS CONFERENCE 
(GL0BEC0M),US,NEW YORK, IEEE , 
3 November 1997 (1997-11-03), pages 
654-658, XP000737620 

figure 1 

-/— 



1,7,13, 

18,24, 

42,47,55 



| X| Further documents are listed in the continuation of box C. 



□ 



Patent family members are dated in annex. 



* Special categories of cited documents: 

"A* document defining the general state of the art which is not 
considered to be of particular relevance 

"E" earlier document but published on or after the international 
filing date 

"L* document which may throw doubts on priority ciaim(s) or 
which ts dted to establish the publication date of another 
citation or other special reason (as specified) 

*0* document referring to an oral disclosure, use, exhibition or 
other means 

■P* document published prior to the international filing date but 
later than the priority date claimed 



*T" later document published after the International filing date 
or priority date and not En conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X' document of particular relevance; the ciaimed invention 
cartnot be considered novel or cannot be considered to 
Involve an inventive step when the cJooumerrt is taken alone 

*Y" document of particular relevance; the ciaimed Invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
In the art 

*&' document member of the same patent family 



Date of the actual completion of the international search 

15 May 2000 



Date of mailing of the international search report 



26/05/2000 



Name and mailing address of the ISA 

European Patent Office. P.B. 5616 Patsntlaan 2 
NIL -2280 HV Rijswijk 
Tel. (+31-70) 340-2040. Tx. 31 6S1 epo rd, 
Fax: (+31-70) 340-3016 



Authorized officer 



Van Staveren, M 



Form PCTVISA/210 (Moond eheet) (Jury 1992) 

BNSDOCID: <WO 0027037A3J_> 



page 1 of 2 



IN 



terB 



TIONAL SEARCH REPORT I 



C(CertlniiiUen) DOCUMENTS CONSIDERED TO BE RELEVANT 



Ink anal Application No 

PCT/US 99/26101 



Category * Citation of document, with inafeation.wftere appropriate, of the relevant passages 



Relevant to daim No* 



J. HAGENAUER, E. OFFER AND L. PAPKE : 
"Iterative decoding of Binary block and 
convolutional codes" 

IEEE TRANSACTIONS ON INFORMATION THEORY, 

vol. 42, no. 2, March 1996 (1996-03), 

pages 429-445, XP002137647 

cited in the application 

page 433, column 2, line 36 -page 434, 

column 2, line 17 

S.S. PIETR0B0N: "Implementation and 
Performance of a turbo/map decoder" 
INTERNATIONAL JOURNAL OF SATELLITE 
COMMUNICATIONS, 

vol. 16, no. 1, February 1998 (1998-02), 
pages 23-46, XP000856961 
cited in the application 



1,7,13, 

18,24, 

47,55 



1,7,13, 

18,24, 

42,47,55 



Form PCT/ISAA10 (continuation of Moond ftheet) (July 1992) 

BNSDOCID: <WO OO27037A3_l_> 



page 2 of 2 



